In this paper, we report the measurements of impedance spectroscopy for a new olivine-type lithium deficiency Li 0.9 0.1 NiV 0.5 P 0.5 O 4 compound. It was synthesized by the conventional solid-state technique. All the X-ray diffraction peaks of the compound are indexed, and it is found that the sample is well crystallized in orthorhombic olivine structure belonging to the space group Pnma. Conductivity and dielectric analyses of the sample are carried out at different temperatures and frequencies using the complex impedance spectroscopy technique. The electrical conductivity of Li 0.9 0.1 NiV 0.5 P 0.5 O 4 is higher than that of parent compound LiNiV 0.5 P 0.5 O 4 . Temperature dependence of the DC conductivity and modulus was found to obey the Arrhenius law. The obtained values of activation energy are different which confirms that transport in the title compound is not due to a simple hopping mechanism. To determine the conduction mechanism, the AC conductivity and its frequency exponent have been analysed in this work by a theoretical model based on quantum mechanical tunnelling: the non-overlapping small polaron tunnelling model.
Introduction

Experiment
The Li 0.9 0.1 NiV 0.5 P 0.5 O 4 ceramics were prepared by conventional methods. Analytical grade reagents with 99% purity of N 2 H 9 PO 4 , Ni 3 CO 11 H 12 , Li 2 CO 3 and V 2 O 5 were used as raw materials with appropriate mass according to the stoichiometric ratio and were mixed in a mortar for 3 h. The mixture of these materials was progressively heated from room temperature to 573 K in a first step in order to eliminate NiCO 3 2Ni(OH) 2 The product obtained was weighed again and manually ground, and the powder was then pressed in the form of a pellet of thickness of approximately 1-1.1 mm and 8 mm in diameter to facilitate the evaporation mechanisms, condensation and diffusion at the reaction in the solid state. The pellets obtained are sintered at a temperature of 933 K for 10 h. At room temperature, the sample was characterized by its X-ray powder pattern using a Phillips powder diffractometer PW1710 with CuKα radiation (λ = 1.5405 Å) in a wide range of Bragg angles (10°≤ 2θ ≤ 80°).
The electrical measurements were performed using two platinum electrode configuration. The finely grain samples were pressed into pellets of 8 mm diameter and 1.1 mm thickness before being sandwiched between these electrodes. Moreover, the measurements were performed as a function of both temperature (590-670 K) and frequency (209 Hz-1 MHz) using a TEGAM 3550 ALF impedance analyser.
Results and discussion
Crystalline parameters
The X-ray diffraction pattern of the Li 0.9 0.1 NiV 0.5 P 0.5 O 4 compound at room temperature is shown in figure 1 . The data were refined by the Rietveld technique using the Fullprof program. All the X-ray peaks were easily indexed in the orthorhombic olivine structure belonging to the space group Pnma, and the refined unit cell parameters are: a = 18.743 Å, b = 9.911 Å, c = 8.896 Å, α = β = γ = 90°and V = 1689.01 Å 3 . The structural results are in agreement with the previously reported results for the parent compound LiNiV 0.5 P 0.5 O 4 [7] .
Impedance studies
The interface, grain and grain boundary properties are studied using the complex impedance formalisms that include the determination of capacitance, relaxation frequency and ionic conductivity [8] . The plot of −Z versus Z (Nyquist diagram) at different temperatures (590-670 K) of Li 0.9 0.1 NiV 0.5 P 0.5 O 4 sample is shown in figure 2. There are mainly two overlapping semicircles, which correspond to grain interiors [9] (the semicircle at low frequency) and grain boundaries (the semicircle at high frequency). In other words, centres of semicircles that compose the total electric response are centred below the real axis (Z ), which confirms the presence of non-Debye type of relaxation in the materials.
The impedance data have been fitted to an equivalent circuit (inset in figure 2 ) consisting of series combination of grain interior and grain boundary. First consists of parallel combination of resistance (R g ), capacitance (C) and a constant phase element CPE g , and second consists of parallel combination of resistance (R gb ) and a constant phase element CPE gb .
Impedance of the capacity of the fractal interface CPE is given by the following equation:
where Q indicates the value of the capacitance of the CPE element and α is the degree of deviation with respect to the value of the pure capacitor. The expressions, which relate the modulus |Z| and phase θ with frequency, are obtained from the real part (Z ) and imaginary part (Z ) of the complex impedance of the above equivalent circuit as follows: and
and −Z = Cω α g + Q g ω α g sin(α g π/2)
Thus, the presentation of the impedance data as a Bode plot gives information that helps to ascertain more directly the different conduction processes involved in the sample. Bode plots of the Li 0. semicircles are found to be in the range of pF and nF, respectively, proving that the observed semicircles represented the bulk and the grain boundary response of the system, respectively. Relying on the bulk resistance values and the sample dimensions, the grain electrical conductivity, grain boundary conductivity and total conductivity can be calculated at each temperature using the following equations:
and
where e and S are, respectively, the thickness and the area of the pellet, and the pure capacitance C can be obtained using the following equation:
The temperature dependence of the grain electrical conductivity (σ g ), grain boundary conductivity (σ gb ) and total conductivity (σ tot ) is shown in figure 4 . σ tot conductivities increase linearly with temperature, which indicates that the electrical conduction in the sample is a thermally activated transport process and obeys the Arrhenius law [10] : σ DC T = σ 0 exp (−E a /k B T), where σ 0 is the pre-exponential factor, k B is the Boltzmann constant and E a is the energy of activation of conduction. The values of the activation energy, estimated from the Arrhenius plots of σ g , σ gb and σ tot of the sample, are, respectively, E ag = 0.60(1) eV, E agb = 1.23(1) eV and E at = 1.22(4) eV. Those of the pre-exponential factor σ 0 are, respectively, of the order: σ 0 g = 1.45 × 10 1 Ω −1 cm −1 K, σ 0gb = 8.59 × 10 4 Ω −1 cm −1 K and σ 0t = 4.16 × 10 5 Ω −1 cm −1 K.
According to the Arrhenius plots, we note that the activation energy changes with lithium deficiency in Li 1−x x NiV 0.5 P 0.5 O 4 (x = 0 and 0.1) (table 2). Its value for the parent compound is lower than for x = 0.1 [7] . In fact, the volume of the unit cells increases; the cations responsible for conduction are much more easily released, thus requiring lower energy for their mobility. The value of the conductivity is also found to be dependent on the lithium deficiency (x). It exhibits an increase with the increase of vacancy content, so the lacunar in Li site has an important effect on the conductivity in Li 1−x x NiV 0.5 P 0.5 O 4 mixed oxides. The variation of the frequency dependence of M (ω) is shown in figure 5 . It shows two distinct regions which are temperature dependent. M shows a slightly asymmetric peak at each temperature. At lower temperature, two peaks are observed in these curves: at low frequency, the peak corresponds to the relaxation of the grain boundary and at higher frequency, it corresponds to the grain interior. Moreover, when temperature increases, modulus peak maxima shift to higher frequencies. The imaginary part of the electric modulus has been fitted for different temperatures with an approximate frequency representation of the Kohlrausch-Williams-Watts function, proposed by Bergman [11] :
Modulus studies
where M max and ω max are the peak maximum and the peak angular frequency of the imaginary part of the modulus, respectively. The value of β is positioned in the (0-1) range, which reflects the importance of coupling between mobile ions in the conduction process. The extracted parameters by fitting the M (ω) (figure 5) using the Bergman equation are shown in table 3.
The most probable relaxation time follows the Arrhenius law:
where E a is the activation energy and ω 0 is the pre-exponential factor. The temperature dependence of the grain relaxation frequency is shown in figure 6 . This variation obeys to the Arrhenius behaviour with activation energy equal to 0.99(1) eV. This obtained value (from modulus analysis) is different from that of the impedance measurement study (0.60(1) eV). We conclude that the ion transport is not due to the hopping mechanism.
Dielectric studies
Dielectric relaxation studies are important to understand the nature and the origin of dielectric losses, which may be useful in determining the structure and defects in solids.
The dielectric relaxation is described by a Cole-Cole model, which gives the frequency-dependent complex permittivity in the form [12, 13] 
where σ 0 is specific conductivity, ε ∞ is dielectric constant at infinite frequency and s is static dielectric constant. The imaginary part of ε* is [14] ε The frequency dependence of ε shows that two straight lines with different slopes separated by the frequency region are present in the frequency dependence of ε . This linear behaviour at both the high and low frequencies shows that there are definitely two processes contributing to the conduction of the sample: intra-and intergranular conductions.
AC conductivity
The AC conductivity has been calculated from the real and the imaginary parts of the impedance data measured over a study range of temperatures using the relation [15] σ AC (ω) = e S × Z Z 2 + Z 2 .
(3.14)
The frequency dependence of AC conductivity in Li 0.9 0.1 NiV 0.5 P 0.5 O 4 at different temperatures is shown in figure 9 . It is clear from the plot that the range of low-frequency conductivity plateau increases with temperature, while the temperature dependency is less prominent in the high-frequency region. On the other hand, the conductivity is found to be frequency independent in the low-frequency regime. The phenomenon of the conductivity dispersion is analysed by the following equation:
where σ s is the conductivity at low frequencies, σ ∞ is an estimate of conductivity at high frequencies, ω is the angular frequency, τ represents the characteristic relaxation time, A is a pre-factor that depends on the temperature and composition, and s (0 < s < 1) is the frequency exponent. s represents the degree of interaction between mobile ions with the environments surrounding them, and A determines the strength of polarizability. Equation (3.15) has been used to fit AC conductivity data. In the fitting procedure, A and s values vary simultaneously to get best fits as shown in figure 10 .
For comparison, we have plotted in figure 11 σ AC (ω) for Li 1−x x NiV 0.5 P 0.5 O 4 (x = 0 and 0.1) mixed oxides at 638 K. We can deduce that the electrical conductivity of the vacancy compound Li 0.9 0.1 NiV 0.5 P 0.5 O 4 is higher than that of the parent one LiNiV 0.5 P 0.5 O 4 . 
Theory investigation of non-overlapping small polaron tunnelling conduction mechanism
The behaviour of the frequency exponent as a function of temperature can be used to determine the origin of conduction mechanism. In the literature, several models [16] [17] [18] [19] , such as the non-overlapping small polaron tunnelling (NSPT) model, the quantum mechanical tunnelling model, the overlapping large-polaron tunnelling model and correlated barrier hopping (CBH) model, have been proposed to investigate the conduction mechanism based on the variation of frequency exponent with temperature and frequency.
For the presently studied Li 0.9 0.1 NiV 0.5 P 0.5 O 4 sample, frequency dependence of s has increasing trends with temperature, suggesting the NSPT model ( figure 10) .
Regarding the values of s and its variation versus temperature, we conclude that s remains less than unity. Consequently, the NSPT seems to be the most interesting model related to the obtained results.
According to the tunnelling model, frequency exponent becomes According to this model, the AC conductivity is given by the following equation [20] :
where
where α −1 is the spatial extension of the polaron, N(E F ) is the density of states near the Fermi level and R ω is the tunnelling distance. The variation of the AC conductivity (ln(σ AC )) as a function of temperature at different frequencies is given in figure 12 , which affirms the good conformity between the theoretical calculations and experimental data. The plot variations of the state density N(E F ) versus frequency are shown in figure 13 . It is clear that these parameters increase with frequency, which is in good agreement with the literature [21] . Figure 14 . The temperature dependence of R ω (Å) of Li 0.9 0.1 NiV 0.5 P 0.5 O 4 at different indicated frequencies. The inset is its variation with frequency.
Among the results of refinement, we represent in figure 14 the variation of R ω with temperature at different frequencies (inset: the variation of R ω as a function of the frequency). It can be seen that in the NSPT model, the tunnelling distance (R ω ) is of the order of the interatomic spacing [7] and its value decreases more rapidly with the increase in frequency.
Conclusion
In this work, we have synthesized for the first time an olivine type of Li 0.9 0.1 NiV 0.5 P 0.5 O 4 compound by the solid-state reaction method. The lattice parameter for our lithium deficiency mixed oxide is slightly larger than that of the parent compound LiNiV 0.5 P 0.5 O 4 . It results in the vacancy sample favouring the expansion of the lattice volume and providing more space for lithium-ion transportation. Impedance plots show two semicircles, which confirm the presence of two relaxation processes associated with grain interior and grain boundary. The values of the activation energy in bulk of impedance (0.60(1) eV) and modulus (0.99(1) eV) spectrum suggest that the transport of ions in the present system is not by a hopping mechanism. Temperature dependence of the exponent suggests that the NSPT model can explain the conduction of the charge transport (Li + ) in the ceramic compound Li 0.9 0.1 NiV 0.5 P 0.5 O 4 .
These results indicated that the Li 0.9 0.1 NiV 0.5 P 0.5 O 4 is a promising cathode material for application in lithium-ion batteries.
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